ABSTRACT In order to broaden the antimicrobial action spectrum of lysozyme against Gram-negative bacteria, different partially reduced lysozyme derivatives were obtained by reducing the R-S-S-R bonds of lysozyme using the reducing agent Na 2 SO 3 . The circular dichroism behavior analysis showed that the tertiary structure of the partially reduced lysozyme molecules became more flexible, leading to an obvious increase in the surface hydrophobicity and the tryptophan fluorescence intensity. Zeta potential analysis indicated that the introduction of SO 3 2− led to a decrease in the surface charges of the reduced lysozyme molecules. Compared with the native lysozyme, the reduced lysozymes not only showed a 1 log increase in the antimicrobial activity against Escherichia coli ATCC 25922 and Salmonella enteritidis ATCC 13076 (P <0.05), but also maintained nearly the same antimicrobial activity against Staphylococcus aureus ATCC 29213 (P >0.05). Overall, the reductive modification with the food-friendly, compatible, and safe reducing agent Na 2 SO 3 has broadened the antimicrobial action spectrum of the modified lysozymes against Gramnegative bacteria, with the enhancement extent depending on the reduction degree and the type of bacterial strains. The integrated results suggest that the Na 2 SO 3 -reduced lysozyme can be used as a novel safe potential bactericidal additive for food-processing industry.
INTRODUCTION
The antimicrobial activity of lysozyme, also named muramidase for its muramidase activity, has long been believed to be attributed to its catalytic function on bacterial cell walls. During further study, several researchers tried to inactivate the lysozyme enzyme activity but failed to reduce its bactericidal activity, suggesting a non-enzymatic mechanism for the antimicrobial activity of lysozyme (Ibrahim et al., 1996 (Ibrahim et al., , 1997 (Ibrahim et al., , 2001a Masschalck et al., 2002) .
Lysozyme, an abundant and powerful antibacterial protein in nature, is predominantly sensitive to Grampositive bacteria, but slightly or even inertly reactive to Gram-negative bacteria, due to the different structure of their cell wall. To date, many strategies have been developed to broaden the antimicrobial spectrum of lysozyme and its application range. For instance, synergistic inhibition was achieved by combining lysozyme with a penetrant or chelating agent (Padgett et al., 1998; Ko et al., 2010; André et al., 2015) , or with other natural preservatives such as nisin or lactoferrin (Rao C Barbiroli et al., 2012; Chai et al., 2015) . Furthermore, lysozyme was also integrated into a delivery system to inhibit the microbial growth (Li et al., 2012; Wu et al., 2017) , or fused to hydrophobic peptides to enhance its bactericidal potency (Ito et al., 1997; Pellegrini et al., 1997) . Currently, chemical modification is the most commonly used method to extend the antibacterial spectrum of lysozyme. For example, one or several different kinds of fatty acids were conjugated to the ε-amino group of lysine residues of lysozyme by base-catalyzed ester exchange (Ibrahim et al., 1993) . Lysozyme was glycosylated with polysaccharide under Maillard reaction conditions (Amiri et al., 2008) . Hen egg white lysozyme was covalently modified to various degrees with one or more molecules of perillaldehyde via Schiff base formation followed by reduction with sodium borohydride (Ibrahim et al., 1994) . Some organic acids were linked to lysozyme by the constitution of amide bindings between the carboxyl group of ligands and primary amino groups of the enzyme mediated by carbodiimide (Bernkop-Schnürch et al., 1998) . The aforementioned various strategies have been proven efficient in impoving the antibacterial effect of lysozyme.
However, later research found that several digested peptides of lysozyme also showed antimicrobial activity but no muramidase activity, suggesting that the bactericidal activity of lysozyme is possibly 3992 connected with other mechanisms besides the enzymatic dissolution of the bacterial wall (Ibrahim et al., 2001b; Memarpoor-Yazdi et al., 2012) . The lysozyme polymeric forms modified by the thermo-chemical technique showed a stronger antibacterial activity than lysozyme monomer (Cegielska-Radziejewska et al., 2010; Cegielska-Radziejewska and Tomasz, 2014) .
The molecular flexibility of natural egg white lysozyme is stabilized by 4 disulfide bonds (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (76) (77) (78) (79) (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) (94) . These disulfide bonds tend to be stable under the natural state, even under denaturing agent or heat treatment, but can be easily disrupted by reducing agents, which leads to the reduction of the S-S bridges and the change of conformational structure. A previous study has shown that the bactericidal activity of lysozyme against Salmonella enteritidis was increased by reduction of the S-S bonds with dithiothreitol (DTT) but not readily accepted due to the toxicological properties of DTT (Touch et al., 2004) . Meanwhile, the antimicrobial activity of lysozyme against Salmonella enteritidis was also increased by reduction of the S-S bonds with food-compatible reducing agents cysteine (Cys) and glutathione (GSH), and the free-SH groups released were trapped by iodoacetamide (IAM), which, however, is not permitted to be use in food (Touch et al., 2003) . In this study, egg white lysozyme was reduced with the food-friendly, compatible, and safe reducing agent Na 2 SO 3 , leading to the disruption of disulfide bonds and the formation of 2 free -SH groups, with 1 free-SH group protected from renaturation by SO 3 2− . Meanwhile, Na 2 SO 3 could change the charge of lysozyme and thus its functional properties.
The purpose of this study was to investigate the reduction of the disulfide bonds of egg white lysozyme at different lysozyme/Na 2 SO 3 reaction mass ratios as well as the 2 resulting reduced lysozymes in terms of physicochemical property, lytic activity, and antimicrobial activity. Three Gram-negative bacteria and 1 Gram-positive bacterium were used to test the antimicrobial activity of the reduced lysozymes in this study.
MATERIALS AND METHODS

Chemicals and Reagents
Lysozyme from egg white and 5,5'-dithio-bis-(2-nitrobenzoic acid) (Ellman reagent) were bought from Sigma-Aldrich Inc. (St. Louis, MO). Na 2 SO 3 , NaCl, methanol, Tris, glycine, Cys, ethylenediaminetetraacetic acid (EDTA), urea, and ethanol were obtained from SINOPHARM Chemical Reagent Co., Ltd. (Shanghai, China). 1-anilinonaphthalene-8-sulfonate (ANS) was bought from TCI (Tokyo, Japan). Nutrient broth, nutrient agar, trypsin, yeast extract, and agar were acquired from Qingdao Hope Bio-technology Co., Ltd (Wuhan, China). 
Bacterial Strains
Preparation of Reduced Lysozymes
The reduced lysozyme was prepared by mixing 10 mg/mL of lysozyme aqueous solution sufficiently with 2 mg/mL of Na 2 SO 3 . The final reaction mass ratios were 10:1(LY10), 20:1(LY20), 30:1(LY30), 40:1(LY40), 60:1(LY60), and 100:1(LY100). The solution was then water bathed at 50
• C for 1 h, followed by an exhaustive dialysis against distilled water at 4
• C to remove excess reagents, and freeze-drying for further use.
Determination of Sulfhydryl Group in Lysozyme
The released -SH groups of lysozyme were determined as previously reported (Beveridge et al., 1974) with a slight modification. Briefly, the series samples were dissolved in 0.086 mol/L Tris-buffer, 0.09 mol/L glycine, 0.004 mol/L EDTA, and 8 mol/L urea (pH 8.0), followed by the addition of 80 μL Ellman's reagent (4 mg/mL in methanol) and water bathing at 25
• C for 15 min. The absorbance was measured at 412 nm. L-Cysteine was used to construct a standard curve.
Fluorescence Measurement
The tryptophan fluorescence of the native egg white lysozyme (NL) and its derivatives (LY30, LY60) was measured in sodium phosphate buffer (10 mmol/L, pH 7.0) with a spectrofluorometer (RF-5301 PC, SHI-MADZU, Japan). The excitation wavelength (λex) was 280 nm, and the emission wavelength (λem) was from 300 to 500 nm.
Measurement of Surface Hydrophobicity (So)
The surface hydrophobicity of the lysozyme and its derivatives (LY30, LY60) was determined as previously reported (Hayakawa and Nakai, 1985) . Briefly, ANS was used as a hydrophobic probe. Proteins in the concentration range of 0.02 to 0.25 mg/mL were obtained by serial dilution with sodium phosphate buffer (10 mmol/L, pH 7.0). Then 3 mL of the native lysozyme and its derivative solutions at different concentrations was mixed separately with 50 μL of 8 mmol/L ANS and incubated for 10 min at room temperature for further analysis. The fluorescence intensity was excited at 360 nm with a spectrofluorometer (RF-5301 PC, SHIMADZU, Japan). The surface hydrophobicity was expressed as initial slopes of relative fluorescence intensity versus the protein concentration in the sodium phosphate buffer.
Zeta Potential
Zetasizer Nano ZS (Malvern Instruments, Shanghai, China) was used to characterize the surface charge of different samples. All the samples were measured at 1 mg/mL in ultrapure water at 25
• C.
Circular Dichroism (CD)
The circular dichroism (CD) spectra of samples at a concentration of 0.2 mg/mL in sodium phosphate buffer (10 mmol/L, pH 7.0) were recorded at 190 to 250 nm with a CD spectrometer (J-1500, JASCO, Japan) using a 0.1-cm cuvette. The band width was 1.0 nm, and the scanning speed was 100 nm/min. The data were expressed as the mean residue ellipticity.
Lytic Activity Assay
The lytic activity of the lysozyme and its derivatives on Micrococcus lysodeikticus (No. 1.0634) cells was determined using the agar plate diffusion method (Yazawa et al., 2006) . The bacterial cultures were grown overnight in the nutrient broth and then diluted 10-fold with sodium phosphate buffer (10 mmol/L). Next, 20 mL nutrient ager medium at about 50
• C was added to the sterilized petri dish with 1 mL diluted bacterial suspension, followed by shaking the dish and cooling for further experiments. Finally, 50 μL solution of 0.5 mg/mL samples was added to the 6 mm well on the dish, followed by incubation at 30
• C for 24 h and measuring the diameters of the lysed circular zones.
Antimicrobial Activity Assay
The bacterial cultures were grown overnight in nutrient broth, followed by mixing the bacterial suspension (50 mmol/L pH 7.0 PBS, final concentration 10 5 CFU/mL) with different concentrations of NL and its derivatives (50 mmol/L pH 7.0 PBS, sterile filtration) as well as urea (final concentration, 1 mol/L) to help the dissolution of the samples. In a separate set of experiments, the bacterial suspension and the combination of bacterial suspension and urea were used as control. Next, the mixtures were incubated on a shaker at 36
• C for 2 h, followed by dilution to a countable number of the bacteria with sterile PBS. A 100-μL aliquot of each mixture was plated out onto a petri dish with nutrient agar, spread evenly, and incubated at 36
• C for 24 h. The antimicrobial activity was expressed as logCFU. The experiment was done in triplicate.
Statistical Analysis
All experiments were replicated 3 times, and the data were analyzed using the Origin8 software. The differences in the mean values were compared using Tukey honestly significant difference test (DPS, Zhejiang University, China). A P-value of 0.05 was set as the level of statistical significance for all comparisons.
RESULTS AND DISCUSSION
Lysozyme Modification
Lysozyme is an elliptical molecule, and its rigidity is stabilized by the 4 disulfide bonds composed of 8 cysteine residues. These disulfide bonds can be easily reduced to some degree with reducing agents, corresponding to the change of the 3-dimensional structure, physicochemical, and functional property. Previous studies have shown that the dithiothreitol-reduced lysozyme had higher surface hydrophobicity and binding affinity to the Gram-negative bacterial membranes as well as greater bactericidal activity against Gram-negative bacteria. The improvement of antimicrobial activity is related with the degree of reduction (Pellegrini et al., 1992) .
In this study, the reduction degree was closely related to the reaction mass ratio of lysozyme/Na 2 SO 3 (Figure 1 ). The number of reduced disulfide bonds decreased with the increase of the reaction mass ratio except the ratio 10:1. The most effective reduction of 2.00 disulfide bonds was achieved at the ratio 20:1, followed by the reduction of 1.69 disulfide bonds at the ratio 10:1, and 1.02 disulfide bonds at the ratio 40:1, indicating the limited reductive ability of Na 2 SO 3 to lysozyme. According to R-S-S-R→R-SO 3 − +R'-SH, 4 mol/L of Na 2 SO 3 could reduce 4 disulfide bonds of 1 mol/L lysozyme (the mass ratio 30:1), but actually only about 1.45 disulfide bonds were reduced. A possible explanation is that Na 2 SO 3 could only Figure 1 . The relationship between the reduction degree of lysozyme and the reaction mass ratio of lysozyme/Na 2 SO 3 at 50
• C for 1 h. Figure 2 . Fluorescence spectra of lysozyme and reductive derivatives. NL, native lysozyme; LY30, the lysozyme/Na 2 SO 3 reaction mass ratio of 30:1; LY60, the lysozyme/Na 2 SO 3 reaction mass ratio of 60:1. react with some disulfide bonds, because the buried portion could not be reduced due to the hindrance of the 3-dimensional spherical structure of the native lysozyme.
Fluorescence Spectra
The fluorescence spectrometry is a sensitive, rapid, and highly efficient technique for analyzing protein structural transformation and interaction. The structural changes induced by protein modification could be revealed by the fluorescence spectra, because the tertiary structure of the reduced lysozyme was changed and some of the previously buried tryptophan residues could emit fluorescence for unfolding (Nanganuru and Polambo, 2013) .
As shown in Figure 2 , compared with NL, the LY30 and LY60 samples exhibited an increase in the fluorescence intensity with increasing reduction degree, and the maximum wavelength shifted toward the longer wavelength of 344 nm. The red shift of the fluorescence spectrum of the reduced derivatives is an indicator of the change in the local environment due to the unfolding of the modified lysozyme and the exposure of the tryptophan residues to a more polar environment (Wu et al., 2007; Zhu and Keiderling, 2013) .
Surface Hydrophobicity
The surface hydrophobicities of NL and the corresponding reductive derivatives were studied by a fluorescence method with ANS as the probe (Figure 3) . The slopes of NL, LY30, and LY60 were 57.90, 1813.83, and 1573.43, respectively. NL showed a remarkably low surface hydrophobicity because many of the hydrophobic site groups were in the interior of the compact globular region. In contrast, LY30 and LY60 showed a considerable increase in the hydrophobicity due to the partial reduction of the disulfide bridges of lysozyme by the reducing agent, and the surface hydrophobicity of LY30 was substantially higher than that of LY60. In other words, a higher reduction level in the disulfide bridges of lysozyme would lead to more changes in the protein steric structure and a higher exposure of lysozyme hydrophobic regions, thus an increase of the surface hydrophobicity. A previous study has shown that the surface hydrophobicity played an important role in enhancing the antimicrobial activity of the lysozyme against Gram-negative bacteria (Ito et al., 1997) . Accordingly, the value of surface hydrophobicity could provide a theoretical foundation for improving the antimicrobial activity of the reduced lysozyme derivatives against Gram-negative bacteria.
Zeta Potential
The results obtained from the zeta potential measurement allowed a better understanding of the interaction between a bactericide with a positive charge and most microorganisms with a negative surface charge (Ferreira et al., 2011) . In each native lysozyme molecule, no free sulfhydryl group (R-SH) was detected and the protein molecule carried a positive charge under the natural condition (Figure 4 ). After reduction, the R-S-S-R bonds were transformed into the R-SH groups and sulfonic acid residues (R-SO 3 − ) (Zhang et al., 2011) . The introduction of SO 3 2− into the modified lysozyme molecules could lead to a decrease of the surface charge, with the decrease extent related to the reduction level. As shown in Figure 4 , about 1.45 disulfide bonds were reduced for LY30, leading to the smallest zeta potential value (16.74 mv) in the 4 treatments due to the attachment of most SO 3 2− . Meanwhile, the zeta potential value of LY100 was similar to that of the control (P > 0.05). (mV) for the NL and the corresponding reductive derivatives. All samples were measured at a concentration of 1 mg/mL in ultrapure water. NL, native lysozyme; LY30, the lysozyme/Na 2 SO 3 reaction mass ratio of 30:1; LY60, the lysozyme/Na 2 SO 3 reaction mass ratio of 60:1; LY100, the lysozyme/Na 2 SO 3 reaction mass ratio of 100:1. Different small letters on the bars indicate significant difference (P < 0.05). Figure 5 . Changes in the CD spectra of lysozyme after reduction of its disulfide bonds. Lysozyme concentration, 0.20 mg/mL; pH 7.0. NL, native lysozyme; LY30, the lysozyme/Na 2 SO 3 reaction mass ratio of 30:1; LY60, the lysozyme/Na 2 SO 3 reaction mass ratio of 60:1. Figure 5 shows the representative CD spectra of the lysozymes before and after reduction of the S-S bonds. The lysozyme and the corresponding reductive derivatives shared a typical α-helical feature: a spectrum that consists of an intense positive band at 190 nm and 2 negative bands at 208 and 220 nm (Besley and Hirst, 1999) , while the CD spectra of LY30 and LY60 were observed to deviate from that of NL. Collectively, the CD characteristics of NL, LY30, and LY60 were qualitatively similar, implying that partially reduced lysozyme had the same backbone secondary structure as the native lysozyme with a global loss of the tertiary structure (Mandal et al., 2015; Wu et al., 2015) . Figure 6 . Loss of the lytic activity of lysozyme after reduction of the disulfide bonds in pH 4-9. NL, native lysozyme; LY30, the lysozyme/Na 2 SO 3 reaction mass ratio of 30:1; LY60, the lysozyme/Na 2 SO 3 reaction mass ratio of 60:1.
Circular Dichroism (CD)
Lysozyme had 4 disulfide bridges, with 2 of them (Cys6-l27 and Cys30-115) located in the α-domain, the third one (Cys64-80) within the β-domain, and the fourth one (Cys76-94) linking the 2 domains (Eyles et al., 1994) . With the reduction of S-S bonds, changes were observed in the secondary structural components of lysozyme (Table 1 ). The α-helix content decreased while β-sheet increased slightly compared to NL. Overall, more obvious changes were found in LY30 than in LY60, which was consistent with their surface hydrophobicity described above.
Lytic Activity
For NL, the enzymatic activity showed no obvious changes in the pH range of 4.0 to 8.0, with the maximum and minimum enzymatic activity observed at pH 6.0 and pH 9.0, respectively ( Figure 6 ). Compared with NL, LY30 and LY60 showed a slight decrease of enzymatic activity under different pH conditions due to the limited damage to the conformational structure of the lysozyme active site by the partial reduction of disulfide bonds.
Antimicrobial Activity
The antimicrobial activities of lysozyme and its derivatives were shown in Figure 7 . Compared to NL, LY30 and LY60 showed greater antimicrobial activity against Escherichia coli ATCC 25,922 (P < 0.05) in different concentrations. Specifically, the bactericidal activity of NL remained almost unchanged in all the tested concentrations, and the antimicrobial activity of LY60 was obviously lower than that of LY30, but significantly higher than that of NL. The antimicrobial activity of the reduced lysozyme was positively and significantly correlated with the sample concentration. The NL, native lysozyme; LY30, the lysozyme/Na 2 SO 3 reaction mass ratio of 30:1; LY60, the lysozyme/Na 2 SO 3 reaction mass ratio of 60:1. Figure 7 . Antimicrobial activity of lysozyme upon reduction of the S-S bonds against Escherichia coli ATCC 25,922, Salmonella enteritidis CICC 21482, Salmonella enteritidis ATCC 13076, and Staphylococcus aureus ATCC 29213. NL, native lysozyme; LY30, the lysozyme/Na 2 SO 3 reaction mass ratio of 30:1; LY60, the lysozyme/Na 2 SO 3 reaction mass ratio of 60:1. Different small letters on the bars indicate significant difference (P < 0.05).
result suggested that the partially reduced form was more bactericidal to the Gram-negative bacteria than its native form.
In this study, no significant difference (P > 0.05) was observed between NL and the 2 reduced lysozymes in their antimicrobial activity against Salmonella enteritidis CICC 21482. However, LY30 and LY60 showed more effective antimicrobial activity toward Salmonella enteritidis ATCC 13076 than Salmonella enteritidis CICC 21482, probably due to the difference in the composition of the bacterial membranes, implying that the bactericidal activities of LY30 and LY60 were strain dependent. This result was consistent with the observation of a previous study (Masschalck et al., 2001) . Additionally, the bactericidal activity of the reduced lysozyme toward the sensitive bacteria was increased in a dose-dependent manner. A higher modification degree and an increase of the protein concentration could obviously enhance the antimicrobial activity of the reduced lysozyme, but could only slightly change the antimicrobial activity of NL. Interestingly, the bactericidal potency of lysozyme reduced with Na 2 SO 3 was almost comparable to that of lysozyme reduced with GSH (Lz/GSH) or Cys (Lz/Cys) as reported by Touch et al.(2003) . Specifically, Lz/GSH is higher than Lz/Cys in the reduction degree, so the former has higher antibacterial activity, and it is the same for LY30 and LY60. The experimental results confirmed that the structural requirements greatly affect the antimicrobial activity of lysozyme.
NL is a natural antibacterial protein and predominantly sensitive to Gram-positive bacteria while being slightly or even inertly reactive to Gram-negative bacteria. The antimicrobial activities of NL, LY30, and LY60 against Staphylococcus aureus ATCC 29,213 had a positive correlation with their concentrations. At 0.01 mg/mL, almost all the strains were killed except that 1 to 2 colonies remained in the LY30 treatment, while at a concentration of ≥0.0025 mg/mL, less than 10 bacterial colonies remained in all the treatments. With a decreasing concentration, NL was higher than the corresponding reduced derivatives in the antimicrobial activity, and LY30 was noticeably higher than LY60 in the antimicrobial activity.
The lytic and nonlytic mechanism of lysozyme could be used to kill bacteria according to the type of bacteria and the working mechanism (Düring et al., 1999) . Given only a slight decrease in the enzymatic activity of the reduced derivatives relative to NL, the reduction caused a limited damage to the active site of lysozyme, and most of the lytic activity was retained, so their bactericidal activity toward Staphylococcus aureus ATCC 29213 remained almost unchanged after modification. Both the surface hydrophobicity and the positive surface charge play an important role in antibacterial activity (Ibrahim et al., 1991; Liu et al., 2000) . With the partial reduction of the R-S-S-R, the surface hydrophobicity showed a remarkable increase (Figures 2 and 3 ) and the zeta potential was still positive (Figure 4) , both of which are probably the main reasons for the enhanced antibacterial activity of lysozyme against Gram-negative bacteria.
CONCLUSIONS
The reduction of the S-S bonds of the lysozyme with Na 2 SO 3 maintained almost all its antimicrobial activity against the Gram-positive bacterium (Staphylococcus aureus ATCC 29213), and further enhanced its activity against Gram-negative bacteria (Escherichia coli ATCC 25922, Salmonella enteritidis ATCC 13076). The enhancement of antimicrobial activity was dependent upon the reduction degree and the type of bacterial strains. Both the increased surface hydrophobicity and the positive surface charge play an important role in improving the antimicrobial activity against Gramnegative bacteria. As Na 2 SO 3 is a permitted food additive, the reduced lysozyme can serve directly as a potential antibacterial agent in food industry susceptible to Staphylococcus aureus, Escherichia coli, and Salmonella enteritidis.
